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The INO80 complex (INO80-C) is an evolutionarily
conserved nucleosome remodeler that acts in tran-
scription, replication, and genome stability. It is
required for resistance against genotoxic agents
and is involved in the repair of DNA double-strand
breaks (DSBs) by homologous recombination (HR).
However, the causes of the HR defect in INO80-C
mutant cells are controversial. Here, we unite previ-
ous findings using a system to study HR with high
spatial resolution in budding yeast. We find that
INO80-C has at least two distinct functions during
HR—DNA end resection and presynaptic filament
formation. Importantly, the second function is linked
to the histone variant H2A.Z. In the absence of H2A.Z,
presynaptic filament formation and HR are restored
in INO80-C-deficient mutants, suggesting that pre-
synaptic filament formation is the crucial INO80-C
function during HR.INTRODUCTION
Double-strand breaks (DSBs) constitute a severe threat to
genome stability and thus cell viability. Multiple recombination-
based and direct ligation-basedmechanisms exist for DSB repair,
but homologous recombination (HR) restores the genetic informa-
tion most accurately by using an undamaged homologous donor
as a template (Haber, 2016). Typically, this template is the sister
chromatid, but homologous chromosomes or ectopic sequences
can be used as well (Renkawitz et al., 2014). Accurate DSB
repair thereby not only protects cells against exogenous and
endogenous DNA-damaging agents but also organisms from the
development of cancer (Jackson and Bartek, 2009).
HR is initiated by DNA end resection, a process in which, at
both sides of the break, one DNA strand is degraded, revealing
30-single stranded DNA (ssDNA) overhangs (Symington and
Gautier, 2011). These overhangs are first bound by the hetero-
trimeric RPA protein. Subsequently, recombination mediators1294 Cell Reports 19, 1294–1303, May 16, 2017 ª 2017 The Authors
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Rad51 paralogs in human cells) promote the exchange of RPA
for Rad51 (Haber, 2016). Rad51 then assembles on the ssDNA
in a highly coordinated helical fashion, forming a nucleoprotein
filament (the so-called presynaptic filament; Rad51 filament)
(Haber, 2016) capable of probing other DNA for homology and
eventually identifying the homologous donor site (Renkawitz
et al., 2014).
It is obvious from the numerous DNA transactions in the HR
pathway that chromatin must play a central role as well (Papami-
chos-Chronakis and Peterson, 2013). Chromatin is involved in
damage signaling, but importantly nucleosomes and other chro-
matinbinders alsoact as impediments for theHR reaction.Conse-
quently, a number of nucleosome remodeling factors have been
linked to HR (Chai et al., 2005; Kalocsay et al., 2009; Morrison
et al., 2004; Shimet al., 2007). One of the best documented exam-
ples in this regard is Fun30 (human SMARCAD1), which is critical
for the extended generation of ssDNA during DNA end resection
(Bantele et al., 2017; Chen et al., 2012, 2016; Costelloe et al.,
2012; Eapen et al., 2012).
INO80-C is another nucleosome remodeler involved in the
DSB response. It is required for resistance against DSB-inducing
agents and for efficient HR in general (Fritsch et al., 2004; Kawa-
shima et al., 2007; Shen et al., 2000; Wu et al., 2007). Accord-
ingly, INO80-C was found to promote DNA end resection in
both yeast and mammalian cells (Gospodinov et al., 2011; Nishi
et al., 2014; van Attikum et al., 2004, 2007). However, when
directly compared with Fun30, INO80-Cs function in DNA resec-
tion is rather small, as determined by physical loss of DNA at the
break site (Chen et al., 2012). Moreover, at least in yeast, a partial
defect in DNA end resection was shown to be rather beneficial
for recombination between ectopic homologies due to the pre-
vention of RPA exhaustion (Lee et al., 2016). However, even in
this scenario, INO80-C deficiency instead causes a strong
recombination defect (Agmon et al., 2013; Horigome et al.,
2014). Using DNA damage foci analysis, a recent study in
mammalian cells has shed new light on how INO80-C could pro-
mote HR (Alatwi andDowns, 2015). Although the contradiction to
previous studies remained unresolved, the authors found normal
end resection in the absence of INO80-C based on RPA foci
analysis, but instead a reduced number of Rad51 foci. We thus.
creativecommons.org/licenses/by-nc-nd/4.0/).
speculated that also in yeast INO80-C might play a role in Rad51
chromatin association.
Here, we provide evidence for a unifying model regarding the
function of INO80-C during HR. We show that lack of INO80-C
activity induces two defects. First, it leads to a reduction in
DNA end resection, generating less ssDNA at DSBs. Second,
and strikingly, there is a pronounced deficiency in the replace-
ment of RPA by Rad51 on ssDNA. Our data indicate that canon-
ical nucleosomes per se do not markedly influence Rad51 fila-
ment formation, but instead specifically those that contain the
histone variant H2A.Z. Importantly, in the absence of H2A.Z,
INO80-C is neither required for Rad51 filament formation nor
for recombination; however, DNA end resection is still partially
defective. Collectively, our data therefore suggest that the crit-
ical function of INO80-C in HR lies in Rad51 filament formation
and not DNA end resection.
RESULTS
INO80-C-Deficient Cells Are Resection Defective but
Accumulate Increased Levels of RPA
To comprehensively investigate the function of INO80-C during
HR, we used the well-established system of HO endonu-
clease-inducible DSBs in the yeast Saccharomyces cerevisiae
(Sugawara and Haber, 2012). Because the mating-type locus,
and in particular the heterochromatic donor loci, could pose spe-
cial requirements on nucleosome remodeling, we made use of a
previously established system using a transplanted HO-cut site
on chromosome IV (Renkawitz et al., 2013). By monitoring
DNA end resection and binding of repair proteins to the DSB,
we were thus able to differentiate between individual early steps
in the HR reaction and to investigate the influence of INO80-C. In
addition, by providing an ectopic homologous donor sequence,
we could monitor also Rad51 association with the donor and
overall efficiency of HR.
First, we tested whether the described HR defect of INO80-C-
deficient cells (Agmon et al., 2013; Horigome et al., 2014; Kawa-
shima et al., 2007) would be recapitulated in our system.We sub-
jected cells to DSB induction and scored recombination with an
ectopic donor locus by quantitative real-time PCR (qPCR) (Fig-
ure 1A, left panel). As expected, HR was strongly reduced to
about 30%–40% of the wild-type (WT) level in an ARP8 deletion
mutant (Figure 1A, right panel) that is deficient in INO80-C nucle-
osome remodeling activity (Shen et al., 2003). Notably, we
observed the same defect when we measured recombination
via overall cell survival (Figure S1A). We confirmed this finding
in two additional INO80-C mutants, ies5D and nhp10D, which
both showed similar defects as arp8D (Figure S1B). Importantly,
recombination phenotypes in all three deletion backgrounds
could be fully complemented by expression of an ectopic version
of the deleted gene (Figure S1B). Of note, in W303 background,
removal of the catalytic subunit Ino80 resulted in cells unable to
form visible colonies (Figure S1C).
We next aimed to investigate an involvement of INO80-C in
DNA end resection. To this end, we first monitored the physical
loss of DNA next to the DSB by deep sequencing in a strain
lacking a homologous donor for repair. As anticipated from other
studies (Gospodinov et al., 2011; Nishi et al., 2014; van Attikumet al., 2004, 2007), arp8D mutant cells showed a reduction in
DNA end resection (Figures 1B and 1C). Consistent with a non-
essential role of the complex in this process (Chen et al.,
2012), the defect appeared less pronounced when compared
with exo1D sgs1D cells, which are deficient in resection beyond
a few hundred base pairs (Figure S1D). Generally, DNA end
resection extends to 5 kb (1 hr) or 20 kb (4 hr) at each side
of the DSB in WT cells, correlating well with previously published
resection rates of 4–5 kb/hr (Zhu et al., 2008) (illustrated by
dashed boxes in Figures 1B and 1D).
Next, we analyzed the accumulation of the ssDNAbinding pro-
tein RPA by coupling chromatin immunoprecipitation with deep
sequencing (ChIP-seq). Surprisingly, however, we found that
the defect in generating ssDNA did not translate into a reduced
association of RPA (Figures 1D and S1E). Instead, RPA ChIP sig-
nals appeared even increased in the absence of INO80-C activity
when quantified in the main area of end resection (Figure 1E).
Overall, we thus conclude that INO80-C is required for efficient
resection, but that an RPA-based readout is insufficient to reveal
this defect.
INO80-C Promotes Rad51 Filament Formation
Given the fact that, despite reduced levels of ssDNA, RPA ChIP
signals appeared stronger in arp8D than in WT cells, we
wondered whether the HR reaction might be stalled at the stage
of the RPA-ssDNA filament. Therefore, wemonitored the associ-
ation of Rad51 with chromatin, which normally replaces RPA on
the ssDNA. As shown previously (Renkawitz et al., 2013), Rad51
signals can be divided into two classes: Rad51 filaments forming
on resected DNA generated high signals (>8-fold) (Figures 2A
andS2A). Outward of this area200 kb to each side of the break,
Rad51 signals weremuch lower (<4-fold), corresponding to tran-
sient homology search. Strikingly, in the absence of functional
INO80-C, both classes of Rad51 signals were dramatically
reduced. Enrichments in the area of resection dropped to
30%–40% of the WT level (Figure 2B), and as a consequence
of defective Rad51 filament formation, homology search signals
could hardly be detected (Figures 2A and S2A) (Renkawitz et al.,
2013). Of note, this also affected signals in trans on other
chromosomes (Figure S2B), implying that in the absence of
INO80-C activity both intrachromosomal and interchromosomal
HR are compromised due to defective Rad51 filament formation.
Rad51 loading requires recombinationmediators, andwe next
tested whether association of the critical mediators Rad52,
Rad55, and Rad57 was influenced in the absence of INO80-C
activity. However, all three factors showed similar recruitment
in arp8D and WT cells (Figures 2C–2E and S2C).
In summary, we identified the INO80-C nucleosome remodeler
to be required for the establishment of the Rad51 filament on
ssDNA.
H2A.Z Is a Major Substrate of INO80-C at DSBs
We next wondered which molecular activities of INO80-C could
promote Rad51 loading. Of particular interest in this regard is its
dimer exchange activity, by which the remodeler is thought to
remove the histone variant H2A.Z from chromatin (H2A.Z-H2B
dimers specifically) (Papamichos-Chronakis et al., 2011). In
mammalian cells, H2A.Z accumulates at laser-induced damageCell Reports 19, 1294–1303, May 16, 2017 1295
Figure 1. INO80-C Is Involved in DNA End Resection
(A) arp8D cells are defective in HR. Left panel: scheme of the recombination assay. A DSB generated by HO endonuclease (H) can be repaired using a
homologous donor bearing an additional unique 23-bp (HU). Triangles indicate PCR primers to amplify the specific recombination product. Right panel: qPCR
analysis of HR upon repair of a DSB at 491 kb on ChrIV using a donor sequence at 795 kb on ChrIV; n = 3 with error bars denoting SD.
(B) arp8D cells display a defect in DNA end resection. Total DNA (ChIP input DNA from experiment in D) analyzed by deep sequencing, depicted as the fold
change at different times following DSB induction compared to the uninduced state (n = 2). Dashed boxes indicate themain area of end resection comprising 5 kb
(1 hr) or 20 kb (4 hr) at each side of the DSB.
(C) Loss of total DNA quantified in the boxed area from (B). Data represent the mean of all values derived from 500-bp window analysis (see Supplemental
Experimental Procedures) with error bars representing SEM. *p < 0.05.
(D) arp8D cells display elevated accumulation of RPA next to a DSB. RPA ChIP analyzed as in (B).
(E) RPA ChIP signals quantified in the boxed area from (D) and analyzed as in (C). ***p < 0.001.
See also Figure S1.stripes in the absence of INO80-C (Alatwi and Downs, 2015) and
in yeast INO80-C-dependent H2A.Z regulation protects cells
against replication stress (Papamichos-Chronakis et al., 2011).
We thus wondered whether INO80-C might also regulate the
presence of H2A.Z directly at DSBs.
To investigate such a regulation, we performed time-resolved
H2A.Z ChIP-seq following the induction of a DSB on chromo-
some IV. In WT cells, we found H2A.Z to be removed from sites
next to the DSB with increasing efficiency over time (Figures 3A,
S3A, and S3B). Strikingly, in the absence of INO80-C activity,1296 Cell Reports 19, 1294–1303, May 16, 2017H2A.Z removal was not only dramatically diminished, but the his-
tone variant rather accumulated at sites along the chromosome
in the course of DSB induction (Figures 3A, 3B, and S3A). We hy-
pothesize that this effect arose from the active incorporation of
H2A.Z following DSB induction by the chromatin remodeler
SWR1 (Kalocsay et al., 2009). We observed similar differences
between WT and arp8D cells also when we immunoprecipitated
a hemagglutinin (HA)-tagged variant of H2A.Z using an HA-anti-
body (Figure S3C). To furthermore confirm these findings, we
subjected cells to genome-wide DSBs by the drug phleomycin
Figure 2. INO80-C Promotes Rad51 Filament Formation
(A) arp8D cells display reduced levels of Rad51 filament formation. Rad51 ChIP-seq data indicating the fold enrichment at different times following DSB induction
compared to the uninduced state (n = 2). Dashed boxes indicate the main area of end resection comprising 5 kb (1 hr) or 20 kb (4 hr) at each side of the DSB.
(B) Rad51 ChIP signals quantified in the boxed area from (A). Data represent the mean of all values derived from 500-bp window analysis (see Supplemental
Experimental Procedures) with error bars representing SEM.
(C–E) Rad52, Rad55, and Rad57 accumulate normally at a DSB in arp8D cells. ChIP against Rad52 (C), Rad55-6HA (D), or Rad57-6HA (E) analyzed by qPCR
following DSB induction at 491 kb on ChrIV; n = 3 with error bars denoting SD. *p < 0.05.
See also Figure S2.and observed H2A.Z removal from bulk chromatin by cell frac-
tionation and subsequent immunoblotting. Although in WT cells
H2A.Z is robustly enriched in the soluble protein fraction
following damage induction, arp8D cells showed only little solu-
ble H2A.Z, indicative of a reduced removal of the histone variant
from chromatin (Figure 3C).
Furthermore, we also observed that co-immunoprecipitation
showed a specific and damage-induced interaction between
H2A.Z and INO80-C (Figure S3D), consistent with a transient
interaction during H2A.Z removal from damaged chromatin.
We next assayed for recruitment of INO80-C to a DSB by time-
resolved ChIP using antibodies against its subunit Arp5. As pre-
viously reported (Bennett et al., 2013), we found INO80-C to be
enriched at sites close to the DSB, and this was dependent onDNA end resection (sgs1D exo1D, Figure 3D). Most notably,
however, INO80-C recruitment to the DSB was strongly dimin-
ished in the absence of H2A.Z (Figures 3D and S3E). Because
H2A.Z contributes to DNA end resection (Adkins et al., 2013; Ka-
locsay et al., 2009) (Figures 4C, 4D, S4B, and S4D), it is possible
that the reduction in INO80-C recruitment in htz1D cells is indi-
rectly caused by a resection defect. We note, however, that
the exo1D sgs1D mutant shows less resection than htz1D,
whereas both mutants influence INO80-C recruitment in similar
fashion, consistent with a direct involvement of H2A.Z in target-
ing INO80-C to DSBs. Importantly, INO80-C has previously been
found to be involved in general remodeling of nucleosomes at the
DSB (Tsukuda et al., 2005; van Attikum et al., 2007). In line with
these findings and with the idea that H2A.Z is a recruiter ofCell Reports 19, 1294–1303, May 16, 2017 1297
Figure 3. INO80-C Regulates H2A.Z Levels
at DSBs
(A) arp8D cells display decreased removal of H2A.Z
from DSB-adjacent chromatin. H2A.Z ChIP-seq
data indicating the fold enrichment at different times
following DSB induction compared to the uninduced
state (n = 2). Dashed boxes indicate the main area of
end resection comprising 5 kb (1 hr) or 20 kb (4 hr) at
each side of the DSB.
(B) H2A.Z ChIP signals quantified in the boxed area
from (A). Data represent the mean of all values
derived from 500-bp window analysis (see Supple-
mental Experimental Procedures) with error bars
representing SEM. *p < 0.05 and ***p < 0.001.
(C) arp8D cells display a limited shift of H2A.Z to the
soluble protein fraction following DNA damage.
Immunoblot analysis of different protein fractions
following phleomycin treatment. Asterisk indicates
that a marker lane was spliced out.
(D) INO80-C is recruited to DSBs via H2A.Z. ChIP
against Arp5 analyzed by qPCR following DSB in-
duction at 491 kb on ChrIV; n = 3 with error bars
denoting SD.
(E) H2B removal surrounding a DSB depends on end
resection and chromatin remodeling. ChIP against
H2B, but otherwise as indicated in (D).
See also Figure S3.INO80-C, we find that, in the absence of either H2A.Z or func-
tional INO80-C, also removal of canonical histone H2B at the
DSB is impaired (Figures 3E and S3F).
H2A.Z Inhibits HR in the Absence of a Functional INO80
Complex
We foundH2A.Z to be amajor substrate of INO80-C at DSBs (Fig-
ures 3 and S3). Therefore, we wondered whether unscheduled
presence of this histone variant would account for the defective
Rad51 accumulation in the absence of a functional INO80 com-
plex. To this end, we performed time-resolved Rad51 ChIP-seq
after DSB induction in strains lacking the INO80-C subunit Arp8,
H2A.Z, or both proteins. Intriguingly, simultaneous deletion of
HTZ1 and ARP8 largely rescued the defective Rad51 filament
formation seen in arp8D cells and consequently also the corre-
sponding homology search defect (Figures 4A, 4B, S4A, and
S4D). In contrast, DNA end resection as measured by DNA loss
was not restored in arp8D htz1D cells (Figures 4C, 4D, S4B, and
S4D), indicating that the defects on resection and Rad51 loading
are distinct with regard to the involvement of H2A.Z and thus
INO80-C activity. In fact, we observed that, in the absence of1298 Cell Reports 19, 1294–1303, May 16, 2017e
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ofH2A.Z, DNA end resection was strongly
impaired, consistent with a role of this his-
tone variant in the first step of HR (Adkins
et al., 2013; Kalocsay et al., 2009).
To strengthen the finding that H2A.Z-en-
riched chromatin is interfering with Rad51
filament formation, we also tested a
swr1D strain, which lacks the catalytic sub-
unit of the SWR1 complex that incorpo-
rates H2A.Z into nucleosomes. Again, wobserved that, although arp8D cells display significant defec
in Rad51 accumulation at DSBs, arp8D swr1D cells do not (Fi
ure S4C, in particular at the 4-hr time point) even though this e
fect was weaker than what was seen in arp8D htz1D mutan
(compare Figures S4A and S4C). Therefore, we conclude th
H2A.Z at DSB-adjacent chromatin antagonizes Rad51 filame
formation in the absence of INO80-C.
We next wondered whether the restoration of Rad51 filamen
in the absence of H2A.Z or Swr1 was sufficient to also restore H
in arp8D cells. To this end, we switched again to the donor-pr
ficient system, in which cells can repair the induced DSB via H
by using an ectopic donor sequence. We first monitored Rad
accumulation at the homologous donor, which is indicative
ongoing repair, as homology search signals are not detectab
at such a distance in the donor-deficient scenario (compare Fi
ure 2A). Deletion of either SWR1 or HTZ1 in the arp8D bac
ground led to a partial restoration of Rad51 signals at the don
site (Figure 4E), with the lack of H2A.Z having again a larg
impact than the lack of Swr1.
Next, we assayed for the physical completion of HR by t
qPCR assay previously described. Intriguingly, deletion
(legend on next page)
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HTZ1 entirely rescued not only the HR defect of arp8D, but also
of nhp10D and ies5D cells up to WT level (Figures 4F and S4E).
Moreover, highly similar results could be obtained in an indepen-
dent set of strains, where a DSBwas induced on a different chro-
mosome (Figures S1F, S1G, S2D, and S4F). Furthermore, also
the deletion of SWR1 showed increased accumulation of the
recombination product, quantified to 50% rescue of the initial
defect in arp8D cells (Figure S4G).
We finally tested mechanisms by which H2A.Z could interfere
with Rad51-mediated recombination in the absence of INO80-C
activity. Interestingly, cells frequently attach persisting DSBs to
the nuclear periphery, a process dependent on H2A.Z (Horigome
et al., 2014; Kalocsay et al., 2009). Although sequestration at the
inner nuclear membrane involves Rad51 (Horigome et al., 2014;
Kalocsay et al., 2009), sequestration at nuclear pores is Rad51
independent and allows alternative repair to occur (Horigome
et al., 2014).Whenwe specifically compromisedDSB sequestra-
tion at nuclear pores by removal of the SUMO-targeted ubiquitin
ligase subunit Slx8 or the SUMO-ligases Siz1 and Siz2 (Hori-
gome et al., 2016), recombination in arp8D cells was partially
restored (Figures 4G and S4H). Instead, interfering with
anchoring at the inner nuclear membrane by blocking SUMOyla-
tion of H2A.Z itself (Kalocsay et al., 2009) showed no effect in the
absence of INO80-C activity (Figure 4H). This suggests that
regulating DSB sequestration could be onemechanism bywhich
INO80-C and H2A.Z control HR, even though a contribution of
additional mechanisms appears likely.
Overall, our data suggest that accumulation of H2A.Z at DSBs
accounts for the INO80-C mutant-specific defects in Rad51 fila-
ment formation and homology search, but not for the defect in
DNA end resection. Removal of the histone variant in the
absence of INO80-C fully restores HR, thus identifying Rad51
filament formation as the crucial function of INO80-C in DSB
repair.
DISCUSSION
A Unifying Model for INO80-C Function during HR
In this study, we sought to identify the central mechanism under-
lying the HR defect of INO80-C-deficient cells. In line with data
from mammalian cells (Alatwi and Downs, 2015), we find that
also in budding yeast INO80-C has a function directly down-
stream of DNA end resection, which promotes the recruitmentFigure 4. Rad51 Filament Formation Is the Critical Function of INO80-C
(A) Removal of H2A.Z rescues Rad51 filament formation in the absence of Arp8. R
DSB induction compared to the uninduced state (n = 2). Dashed boxes indicate th
the DSB.
(B) Rad51 ChIP signals quantified in the boxed area from (A). Data represent the
Experimental Procedures) with error bars representing SEM. ***p < 0.001.
(C) Removal of H2A.Z does not rescue DNA end resection in the absence of Arp
(D) Loss of total DNA quantified in the boxed area from (C) and analyzed as in (B
(E) Removal of H2A.Z rescues Rad51 accumulation at a homologous donor in t
mologous donor at 795 kb on ChrIV, following DSB induction at 491 kb on ChrIV
(F) Removal of H2A.Z rescues HR in the absence of Arp8. qPCR analysis of HR u
ChrIV; n = 3 with error bars denoting SD.
(G) Removal of Slx8 partially rescues HR in the absence of Arp8. qPCR analysis
(H) Expression of SUMOylation-deficient H2A.Z does not rescue HR in the absen
See also Figure S4.
1300 Cell Reports 19, 1294–1303, May 16, 2017of Rad51. Importantly, our ChIP approach extends the previous
data by showing that INO80-C is specifically involved in the
exchange of RPA for Rad51, which is required for effective intra-
chromosomal and interchromosomal homology search. Of note,
additional support for such amodel comes from a previous study
(Tsukuda et al., 2005). Although it was criticized for using the
incorrect input normalization (Chen et al., 2008), this study also
supports the notion that, in the absence of INO80-C, Rad51
but not RPA association with a DSB is affected.
Surprisingly, these two studies (Alatwi and Downs, 2015; Tsu-
kuda et al., 2005) could not detect any significant defect in DNA
end resection in the systems they used to monitor defective
Rad51 accumulation despite several other reports showing an
involvement of INO80-C in resection (Gospodinov et al., 2011;
Nishi et al., 2014; van Attikum et al., 2004, 2007).
Our study is the first to look at DNA, RPA, and Rad51 in the
same experimental setup, and thus we are able to unite the
apparently controversial findings. We show that mutants defec-
tive in INO80-C function have a defect in DNA end resection, but
this defect does not manifest on the level of RPA association,
because of a second defect in Rad51 filament formation, which
leads to apparently increased RPA association, despite reduced
amounts of ssDNA.
Most strikingly, we are able to genetically separate the two
functions of INO80-C using a mutant that lacks the histone
variant H2A.Z. In the absence of H2A.Z, the Rad51 loading
defect of arp8D mutants is restored, but not the defect in DNA
end resection. As under the same condition also the HR defect
of arp8Dmutants is rescued aswell, we conclude that the essen-
tial function of INO80-C in HR lies in Rad51 filament formation
and not in DNA end resection.
The INO80-C Function during DNA End Resection
Both arp8D and htz1D mutants are defective in DNA end resec-
tion (Gospodinov et al., 2011; Kalocsay et al., 2009; van Attikum
et al., 2007), and thus the resection defect of arp8D cells cannot
be explained by a function of the INO80 complex in H2A.Z
removal. It is thus likely that INO80-C instead promotes resection
by remodeling canonical nucleosomes (Udugama et al., 2011)
and that other nucleosome remodelers, such as Fun30 (Bantele
et al., 2017; Chen et al., 2012, 2016; Costelloe et al., 2012; Eapen
et al., 2012), largely compensate for a lack of INO80-C function in
this regard.during HR
ad51 ChIP-seq data indicating the fold enrichment at different times following
e main area of end resection comprising 5 kb (1 hr) or 20 kb (4 hr) at each side of
mean of all values derived from 500-bp window analysis (see Supplemental
8. Total DNA (ChIP input from the experiment in A) analyzed as in (A).
). *p < 0.05, ***p < 0.001, and ns, not significant.
he absence of Arp8. ChIP against Rad51 analyzed by qPCR next to the ho-
; n = 3 with error bars denoting SD. *p < 0.05, **p < 0.01, and ***p < 0.001.
pon repair of a DSB at 491 kb on ChrIV using a donor sequence at 795 kb on
of HR as described in (F).
ce of Arp8. qPCR analysis of HR as described in (F).
Interestingly, the resection defect of ahtz1Dmutant (Figure 4C;
Kalocsay et al., 2009) may be well explained by the fact that
the Exo1 nuclease is able to bypass H2A.Z-containing nucleo-
somes much better than canonical nucleosomes in an in vitro
assay (Adkins et al., 2013). Therefore, H2A.Z-H2B dimers could
become transiently incorporated into damaged chromatin in
order to make it resection permissive but need to be removed
later because they will interfere with Rad51 filament formation
(see below).
The INO80-C Function during Rad51 Filament Formation
Depends on H2A.Z
Our finding that Rad51 accumulation at damage sites is compro-
mised in the absence of INO80-C activity due to the presence of
H2A.Z is not limited to yeast cells but appears to be evolutionarily
conserved up to human cells (Alatwi and Downs, 2015). Notably,
the RPA-Rad51 exchange takes place on ssDNA, and it is there-
fore not entirely clear how a nucleosome remodeler such as
INO80-C and a histone variant such as H2A.Z could affect this
process. Intriguingly, our data show the strongest defect in
H2A.Z eviction within the region of resection (Figure 3A), sug-
gesting that it is specifically the H2A.Z molecules incorporated
within this region that limit Rad51 association. Strikingly, a recent
report provides in vitro evidence for the existence of nucleo-
somes on resected DNA (ssNucs), and how such ssNucs could
modulate the activity of DSB repair components (Adkins et al.,
2017). Although these data offer a straightforward mechanism
how a variant histone could modulate Rad51 filaments down-
stream of DNA end resection, it remains to be proven whether
ssNucs exist in vivo. Alternatively, resection could also occur in
discontinuous fashion and nucleosomes could stay on dsDNA
patches within the region of resection. Both models generally
are supported by accumulating in vivo data on limited nucleo-
some loss at resected DNA (Papamichos-Chronakis and Peter-
son, 2013).
How would the presence of H2A.Z then negatively affect
Rad51 filament formation? Our data support the possibility of
an indirect mode of inhibition, where H2A.Z would enhance
translocation of a DSB to the HR-repressive compartment at nu-
clear pores. In this model, INO80-C-dependent exchange of
H2A.Z-H2B dimers could mediate a switch between different
repair pathways by regulating the activity of classical HR at the
level of Rad51. Of note, such amodel could also involve a repres-
sion mediated in trans by H2A.Z molecules proximal to sites of
DNA end resection.
Importantly, our data also show that sequestration is at
most partially contributing to the HR defect in the absence of
INO80-C. Thus, alternative reasons for the inhibitory function of
H2A.Z on Rad51 must exist, of which the most straightforward
could be a direct competition between the nucleosomes and
Rad51 itself. Such a model could, however, hardly explain spec-
ificity for H2A.Z-containing nucleosomes. A more promising
alternative scenario therefore is an H2A.Z-dependent change
in the DSB-associated proteome. Surprisingly, however, we
find that likely candidates such as the recombination mediators
Rad52 and Rad55-Rad57 accumulate normally on chromatin
in INO80-C-deficient cells. Still, H2A.Z could interfere with
the recruitment of other positive recombination mediators orpromote the recruitment of negative recombination mediators.
Interesting candidates in this regard are members of the Shu
complex or the helicase Srs2 (Zelensky et al., 2014).
EXPERIMENTAL PROCEDURES
Additional experimental information can be found in Supplemental Experi-
mental Procedures.
Yeast Strains and Techniques
Information on yeast strains, details on strain construction, and further yeast
techniques can be found in Supplemental Experimental Procedures.
ChIP and ChIP-Seq
DSB induction via HO endonuclease and time-resolved ChIP experiments
were performed as described (Kalocsay et al., 2009; Renkawitz et al., 2013).
For all ChIP analyses, ChIP signals were normalized to the corresponding
input, to a control locus on chromosome X (MDV1), and to the time before
DSB induction. All ChIP data are depicted as the mean plus SD of three inde-
pendent experiments, if not indicated differently. ChIP-seq data are always de-
picted on a log2 scale and each bar in the heatmaps represents the enrichment
in a single 500-bp segment of the depicted chromosome. All ChIP-seq data
represent the mean of two independent experiments and are normalized to
the input and the time before DSB induction. Further details can be found in
Supplemental Experimental Procedures.
Recombination Assay
For determination ofHRefficiency by qPCR, a cell amount corresponding to one
OD600 was harvested, and genomic DNA was prepared using the MasterPure
Yeast DNA Purification Kit (Epicenter). Genomic DNA was then used as input
for qPCR with the following primers: 50-CATACTGTCTCACTCGCTTGGA-30
and 50- TTGTTTGCCATTTCGTCAGCTAG-30 in case of recombination on
ChrIV and 50-TGAAGAGATACGCCCTGGTTCCT-30 and 50-CTGATTTACGCC
CAGCGTTTTCC-30 in case of recombination on ChrVII. Data were normalized
to a control locus on chromosome X (MDV1). Information on determination of
HR by cell survival can be found in Supplemental Experimental Procedures.
Statistical Analysis
Statistical analysis was performed using GraphPad Prism software. Student’s
t test was used to determine statistical significance of ChIP enrichments with
one asterisk denoting p < 0.05, two asterisks denoting p < 0.01, and three
asterisks denoting p < 0.001. ns denotes not significant.
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